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EFI?%CT OF INLET OXYGE3 CONCENTRATION ON COMBUSTION EFFICIENCY 

OF 533 SINGIS COMBUSTOR OPERATING WITH GASEOUS PROPANE 

By Charles C. Graves 

SUMMARY 

An investigation was conducted t o  determine the e f fec t  of oxygen 
concentration of the inlet oxygen-nitrogen  mixture on the combustion 
efficiency of a J33 single conibustor operating  with  gaseous  propane  fuel. 
Conibustion efficiency data were obtained a t  conibustor-inlet t o t a l  pres- 
sures from 10.0 t o  30.0 inches of mercury absolute,   fuel flow rates from 
0.008 t o  0.016 pound per second,  and inlet oxygen concentrations from 
ap-proximately 14 t o  46 percent  by volume. The conibustor-Wet tempera- 
ture  and weight  flow rate of the oxygen-nitrogen  mixture were held con- 
stant at 40° F and 1.0 pound per second, respectively. Attempts were 
made to   cor re la te  conibustion efficiency w i t h  selected fundamental com- 
bustion  properties and w i t h  a simplified reaction  kinetics  equation. 
The results were coqared  w i t h  those  obtained f r o m  a similar previous 
investigation conducted w i t h  liquid  isooctane  fuel. 
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A t  a given f u e l  flow rete, conibustion efficiency  obtained with pro- 
pane increased with oxygen concentration. The r a t e  of increase was  
appreciably  greater at the lower oxygen concentrations and conibustion 
efficiencies.  Change i n  fuel f l o w  rate had a small ef fec t  on combustion 
efficiency over the major portion of the conditions  investigated. A t  a 
given  fuel  flow rate, sat isfactory  correlat ions were obtained between 
combustion efficiency and parameters  based on (I) a simplified reaction 
kinetics  equation and ( 2 )  a flame-speed mechaaism. No satisfactory  cor- 
re la t ion  was  obtained between  conibustion efficiency and a parameter 
involving minimum spark-ignition energy. I n  a previous  investigation 
i n  which liquid  isooctane fuel was used, sat isfactory  correlat ions were 
obtained  with a l l  the  parameters.  For  the same -et conditions,  the 
conibustion eff ic iencies   for   the combustor operating  with.propane  fuel 
were appreciably  higher than those obtained  for  the conibustor oper- 
a t ing with isooctane  fuel. The relat ive  effects  of inlet pressure 
oxygen concentration on combustion efficiency were approximately  the same 
for  both  fuels.  
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INTRODUCTION 

Research is  being  conducted a t  the NACA Lewis laboratory  to  study rl 
the re la t ive  importance of the basic  processes  involved i n  the over-all 
turbojet combustian mechanism. In  a recent  report  (ref. 1) oxygen con- 
centration of the in l e t  oxygen-nitrogen mixture was used as a combustor- 
inlet variable  in an attempt to  separate the molecular from the  grosser 
scale  processes  and.to  relate changes i n  combustion eff ic iency  to  pos- 
sible controlling  individual  processes  in the mer-a l l  coI&ustion mech- 
a n i s m .  The conbustion  efficiency of a 533 single combustor operating 
with a l iquid fuel (isooctane) w a s  determined  over a raage of i n l e t  tu- 
pressures, oxygen concentrations,  and f u e l  flow rates.  The temperat- 
and weight  flow rate of the inlet oxygen-nitrogen mixture were held con- 
stant throughout the test program. A t  a c o ~ . t a n t . f u e l  f l o w  ra te ,  corn-. 
bustion  efficiency was  re la ted  to   selected fundamental combustion prop- 
e r t i e s  of vaporized isooctage-oxygen-nitrogen mixtures and t o  a simplified - . .- 

reaction  kinetics  equation. In  this treatment af the  conbustion e f f i -  
ciency data, it was assumed tha t  the  fraction of the reaction zone 
required for the f u e l  evaporation and  mixing steps was small and  essen- 
t i a l l y  constant with changes in  inlet   pressure and oxygen concentration. 

8 1- 
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Over the range of conditions  investigated i n  reference 1, combus- c 

tion  efficiency  increased w i t h  fue l  flow rate. This  effect might  be 
tentatively  attr ibuted  to  the  reduction i n  average drop size at the 
higher fuel  pressures  associated w i t h  the  higher  fuel flow rates ,   e i ther  
i n  terms of reduction of fue l  evaporation t i m e  or change in   the  f ract ion 
of the   fue l  deposdted on the  l iner  w a l l s .  Since  the fuel evaporation 
step can have a significant  effect  on combustor performance, it would be 
desirable  to dete-imine the  effect  of t h i s  step on the correlations - -  

obtained in  reference 1. .A possible method  would involve  duplication of 
the tests of reference l w i t h  the  fuel  evaporation  step  eliminated 
through the use of a gaseous  or  vaporized fuel. Comparison of the two 
se ts  of data may indicate  the  effect of the fue l  evaporation  step on the 
applicabili ty of the several  correlations developed in  reference 1. 

a 

Considerable  fundamental data were available  for propane-oxygen- 
nitrogen  mixtures.  Accordingly,  the combustion efficiency of a 533 
single combustor operating with gaseous  propane was- determined  over a 
range of inlet oxygen concentrations  (approximately 14 t a  46 percent 
by  volume), inlet   to ta l   pressures  (10.0 t o  30.0 in.  Eg abs.), and f u e l  
f low ra tes  (0.008 t o  0.016 lb/sec). The w e i g h t  flow ra t e  and inlet tem- 
perature of the  oxygen-nitrogen  mixture were held  constant at 1.0 pound 
per second  and 40° F, respectively. Attempts were made to  correlate the 
combustion-efficiency data w i t h  selected fundamental  conibustion proper- 
t ies of propane-oxygen-nitrogen mixtures and a si-q-lif ied  reaction 
kinetics  equation. The results are compared with those  obtained  for  the 8 

533 conibustor operating  with  isooctane fuel (ref. 1). 

". 
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The single J33 combustor ins ta l la t ion  i s  shown diagrammatically i n  
figure 1. The test  f a c i l i t y  was  supplied  with refrigerated air at 
48 inches of mercury absolute and -40' F and was connected to   t he  lab- 
oratory  low-pressure  exhaust system. The a i r  flaw and inlet pressure 
i n   t h e  combustor were controlled  by  valves  located  upstream and down- 
stream of the  conibustor. Codustor-inlet-air  temperature was regulated 
by  valves  proportioning  the amount of a i r  passing  through a steam-fed 
heat exchanger. Oxygen concentration was va;ried  by  metering quantit ies 
of pure oxygen or  nitrogen  into  the inlet-air system. A i r  f l o w  rates 
were measured by means of a square-edged o r i f i ce  installed according t o  
A.S.M.E. specifications and located  upstream of the  regulating  valves; 
owgen  (or  nitrogen) flow rates were measured by ca l ib ra t ed   c r i t i ca l  
flow orifices.  Additional details of the  oxygen (or  nitrogen) s y s t e m  
are  given in reference 1. 

The f u e l  system was  connected to   the   l abora tory  gaseous  propane 
supply l i ne  ( f ig .  1). Propane flow rates w e r e  measured with a square- 
edged or i f ice   instal led  according  to  A.S.M.E. specifications and located 
upstream of the  flow-regulating  valve. The propane o r i f i ce  upstream 
temperature w a s  controlled  by a valve  proportioning  the nnount of pro- 
pane passing  through a hot-water  heat  exchanger.  Fuel-nozzle-discharge 
pressure was measured with a calibrated Bourdon gage. Commercially 
supplied  propane  (approximately 97 mole percent  purity) was used through- 
out  the program. 

- 

- 
A cross-sectional view of the conibustor i s  shown in   f i gu re  2. The 

hollow-cone spray  nozzle used in   reference 1 (45O cone angle, 10.5 gal/hr 
capacity) was replaced  with  the  modified commercial hollow-cone spray 
nozzle t i p  illustrated below. The normal discharge  orifice m s  blocked 
and the  swirl chamber and retaining  plug removed. S i x  r i n c h  diameter 

holes,  equally  spaced around the  nozzle  t ip,  were drilled at a 45' angle 
from the  nozzle  axis-. 

1 
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Cross-sectional views of the combustor instrument  stations are also 
presented in   f igure  2. A t  each s ta t ion the thermocouples and to t a l -  
pressure  tubes were located at   the   centers  of equal  annular  areas. 
Design details of the total-pressure  rakes and  thermocougle  rakes  are 
presented in  reference 2. Exhaust  thermocoqles with single  cylindrical 
shields were connected i n  a para l le l   c i rcu i t   to   g ive  an instantaneous 
average  temperature  reading. All thermocouples were connected  through 
multiple  switches t o  a dual-range,  self-balancing  potentiometer. 

Conibustion efficiency was  determined at conibustor-inlet total   pres-  
sures of 10.0, 14.3, 21.4, and 30.0 inches of mercury absolute,  inlet 
oxygen concentrations from approximately 14 t o  46 percent  by volume, and 
f u e l  flow rates of 0.008, 0.012, and 0.016 poimd per second. The in le t  
temperature and weight  flow r a t e  of the  oxygen-nitrogen  mixture were 
held  constant a t  40° F and 1.0 pound per  secona,-res~ectively. 

Conibustion efficiency,  defined as the r a t i o  of the  actual   to   the 
theoretical  increase  in  enthalpy  across the combustor, was computed by 
means of the equations and c h a t s  presented i n  reference 3. The enthalpy 
rise of the oxygen-nitrogen m i x t u r e  -6 computed from  enthalpy values of 
oxygen  and nitrogen  tabulated  in  reference 4. The combustor reference 
velocities  presented  herein were computed from the maximum, cross- 
sectional  area of the combustor flow passage (0.267 sq f t ) ,  the inlet 
oxygen-nitrogen mixture density, and the  oxygen-nitrogen m i x t u r e  flow 
rate.  Indicated thermocouple readings were :not corrected  for  radiation, 
conduction,  or  stagnation  effects. 

RESULTS AND DISCUSSIOW 

Combustor Data 

The data obtained  in the investigation  to determine the e f fec t  of 
i n l e t  oxygen concentr@ion on the combustion efficiency of a J33 com- 
bustor  operating with propane fuel  are  presented in  table I. In f ig-  
ure 3, combustion efficiency is  plotted  against  inlet oxygen concen- 
t ra t ion  (volume percent) a t  the  various  inlet  pressures. and f u e l  flow 
rates  investigated. It i s  noted that  conibustion efficiency  increased 
with  inlet oxygen concentration and that the . ra te  af increase was more 
pronounced a t  the lower  values of oxygen concentration. Colnbustion effi-  
ciency  increased w i t h  pressure, as would be  expected. 

The faired curves of figure 3 are  combined in   f igure  4 t o  show the 
effect of f u e l  flow rate on combustion efficiency. . Except a t  l o w  values 
of'oxygen  concentration, fue l  flow ra te  had a relat ively small effect  on 
conbustion  efficiency. Although no attempt was made t o  determine  exact 
blow-out limits, it was observed tha t  blow-out generally  occurred a t  
lower values of oxygen concentration with the lower fuel flow rates.  

" . 
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Application of Fundamental Conibustion Properties 

t o  Conibustor Data 

In  reference 1 the variation i n  conibustion efficiency w i t h  inlet 
pressure and oxygen concentration was r e l a t ed   t o  minirmun spark-ignition 
energy, quenching distance, and laminar flame speed of isooctane-oxygen- 
nitrogen mixtures. The same fundamental  conibustion properties were con- 
sidered in  the present  Fnvestigation. 

Minimum spark-ignition  energy and quenching distance. - Curves of 
minimum spark-ignition energy and  quenching distance  for propane-oxygen- 
nitrogen mixtures  at various fuel concentrations are presented  in refer- 
ence 5 f o r  oxygen concentrations from 2 1 t o  100 percent  by volume and 
for   to ta l   p ressures  from 0.2 t o  1.0 atmosphere. There was no consistent 
re la t ion  between  conibustion efficiency and values of minimum spark- 
ignition  energy  obtained from reference 5 either at a stoichiometric 
fuel-oxygen r a t i o  o r  at a fuel-oxygen r a t i o  giving the lowest  value  of 
minimum spark-ignition  energy at a given  pressure and oxygen concentra- 
tion. The inab i l i t y  t o  obtain a sat isfactory  correlat ion between mini- 
mum spark-ignition  energy and conibustion efficiency, as obtained i n  
reference 1, possibly may be due to   large  errors   ar is ing from the cross- 
plot t ing and extrapolation  required in the application of the data of 
reference 5 to the law oxygen concentrations tested i n  the present 
investigation.  Since similar errors   could  ar ise   in  the use of the 
quenching distance data of reference 5, no attempt w a s  made t o   r e l a t e  
conibustion e f f ic iency   to  quenching distance. 

c 

Laminar flame speed. - In reference 1 a parameter  based on a flame- 
speed mechanism was derived which sat isfactor i ly   correlated  the  effect  
of inlet pressure and oxygen concentration on combustion efficiency for 
the conditions of constant inlet temperature e d  w e i g h t  flow rate of the 
oxygen-nitrogen mixture. T h i s  re la t ion  is of the form 

where 

T+, combustion eff ic iency 

Pi conibustor-inlet  pressure 

u laminar flame speed based on conibustor-inlet  conditions 
4 

f - 

Vr reference  velocity 
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Equation (1) was applied  to the data of reference 1 by  assuming laminar 
flame  speed t o  be  independent of pre.ssure an& by using the results of 
reference 6 i n  which the maximum flame speed of isooctane-oxygen- 
nitrogen  mixtures w8s found t o  be  proportional t o  the t q m  (a - 1 2 ) .  
Here u is the volume percent inlet oxygen concentration and the maximum 
flame speed is defined as the maximum point of the  curve of flame speed 
against  equivalence  ratio a t  a given  temperature and oxygen concentration. 
The resulting  correlation  .equation was 

I n  reference 7 the f h  speeds 

(a - 12) 1 
atmospheric  pressure and 
laminar Bunsen f-s by 

of propane-oxygen-nitrogen  mixtures at 
v k o u s  equivalence  ratios were determined fo r  
the area method. Flame speeds were measured 

for oxygen concentratiohs from 16.6 t o  49.6 percent  by volume and for  
i n l e t  temperatures of 3U0 and 422' I(. The effect  of i n l e t  temperature 
and oxygen concentration 04 maximum flame speed fo r  the en t i re  range of 
conditions  investigated was correlated  by  the  relation 

. " 

". . 

" "" 

up = KTia (a - b) (3) . 
where K, a, and b are constants and Ti is the inlet temperature. 
A similar correlation was applied  to  the  data of reference 7 for oxygen 
concentrations of 30 percent  by volume and below in order t o  provide 
a more accurate  representation of the flame  speeds a t   the  low oxygen 
concentrations used in the  present  investigation. For t h i s  range  the 
constant b i n  equation 3. ha8 an average  value of 11.5. It is noted 
that this value of 9, which represents  the  extrapolated  value of  oxygen 
concentration  for zero flame  speed, i s  i n  agreement with  the  value of 
11.6 ci ted in reference 8 (pp. 58-59) a8 the oxygen concentration below 
which no propane-oXygen-nitrogen &we  can  propagate flame at  room 
temperature and pressure. For constant  inlet  temperature Ti, the maxi- 
mum flame  speed of propane is proportional  to  the t e r m  (+ - U.5). 
Thus, f f  the laminar flame  speed i s  assumed .independent of pressure, 
equation (1) becomes 

%=fp+ 1/3 (a - 11.5) 1 ". " 

f o r  propane conibust ion. 

. 
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In figure 5 combustion efficiency i s  plotted  against the  parameter 

of equation (4) for   the three f u e l  f low rates investigated. It is  seen 

combustion-efficiency data of f i v e  3. However, there i s  some increase 
i n  s ca t t e r   i n   t he  data a t  the low values of conbustion  efficiency with 
the fuel flow rate of 0.008 pound per second. It is  noted that this 
parameter is approximately the same as that used to   co r re l a t e  the 
combustion-efficiency data of reference 1. 

- tha t  the p a r e t e r  of equation (4) sa t i s fac tor i ly   cor re la tes   the  

Application of S-lified  Reaction  Kinetics  Equation 

t o  Conbustor Data 

In  reference 1, the combustion efficiency data a t  a given fuel flow 
rate were also  correlated  by a simplified  reaction  kinetics  equation 
given  by 

rn 

where .. 
E apparent  energy of activation 

R gas constant 

Teq stoichiometric  adiabatic  equilibrium  temperature 

Details of the derivation and assumptions  involved i n  the application of 
this equation to   tu rboje t  combustor data are presented in  references 1 
and 9. The equilibrium temperatures a t  the various oxygen concentration 
and pressures cwered in  this investigation were computed according t o  
the methods and charts of reference 10. Values of E w e r e  obtained 
from cro68 p lo ts  of the faired curves of figure 3 by  determining the 
slope of the best  straight l i n e  through the plotted  points of l/Teq 

against 

0 
at a constant  value of combustion efficiency. The values of E deter- 
mined by this method varied  from  approximately 27,000 calories  per 
gram-mole in the low conibustion-eff iciency range to approximately 

Y 
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33,000 calories  per gram-mole in   the  high  combustion-efficiency  range. 
Since the slope of the curve of 

against combustion efficiency i s  quite  steep  in"the low conibustion- 
efficiency  range,  the  scatter of the  correlation  in this  range w i l l  be 
very  sensitive  to the choice of E. In figure 6 the data of table I 8 
are  plotted  againet the reciprocal of the conibustion efficiency  parameter 
of equation (4) for  a value -of E/R of 14,00O0 K (E = 27,818 cal/g mole). 
This choice of E r e su l t s   i n  a satisfactory  correlation of the combus- 
t ion  data. U s e  of a higher value  -of E would r e su l t   i n  some decrease 
in   s ca t t e r  of the correlation at the  higher  values of  conibustion e f f i -  
ciency and an appreciable  increase in   s ca t t e r  of the correlation  at   the 
low values of combustion efficiency. Eowever, i n  view of the  sensit ivity 
of the  correlation p a r a t e r   a t   t h e  low efficiency  range  to  the  accuracy 
of the measurement of conibustor-inlet oxygen concentration,  determina- 
t ion  of an  exact  value of E between 27,000 and 33,000 calories  per 
gram-mole for  a minimum scat ter  of the correlation was not  warranted. . 
The range of values of E is in reasonable agreement with those  cited 
f o r  propane i n  the literature. In  reference ll a value of 38,000 cal- 
ories  per gram-mole is  given. This value was used in  reference 7 i n  the 
application of the Semenov thermal  theory of flame  propagation t o  the 
flame speed data of propane-oqgen-nitrogen  mixtures. Unpublished 
observations  by  the  authors of reference 7 indicated tha t  a value of 
34,000 calories  per gram-mole resulted i n  an improvement between experi- 
mental and predicted  values of flame speed. 

cu 

Q 

b 

Comparison of Liquid and Gaseous Fuel Data 

In  reference 1, similar data w e r e  obtalned w i t h  liquid  isooctane 
fue l   for   the  eane  combustor but a different'  fuel-injection  nozzle. Com- 
parisons of the combustion efficiencies  obtained w i t h  propane and with 
isooctane, for  the sane operating  conditions, are presented  in figure 7. 
Over the  entire  range of conditions compared, the conibustion efficiencies 
obtained  with propane were appreciably  higher  than $hose obtained  with 
isooctane; the differences were more pronounced a t   t he  lower oxygen con- 
centrations. The re la t ive   e f fec ts  of inlet oxygen concentration and 
pressure on combustion efficiency, however, were. approximately  the same 
fo r  both fuels. 

Combustion efficiency  increased with fuel flow rate  for  isooctane. 
This trend would be expected as a resu l t  of the smaller average fuel- 
spray drop size and hence decreased  evaporation time at the higher f u e l  
f low rates. With propane, no evaporation  step w a s  required, and f u e l  
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1 flow rate had a small effect  on combustion efficiency  over  the major por- 
t ion of conditions  investigated  (fig. 4 ) .  - 

A correlation between  combustion efficiency and minimum spark- 
ignition  energy, such as was found in reference 1 with  liquid  isooctane, 
was not  obtained w i t h  propane. The simplified  reaction  kinetics  equation 
parameter and flame-speed  parameter correlated  the  data  obtained f o r  both 
propane and isooctane. The values of the  apparent  energy of activation 
required in the  second-order  reaction  equation  parameter were in reason- 
able agreement w i t h  those  expected f o r  the t w o  fuels .  

N 
m 
0 
0 

The data obtained in these  investigations also indicate that the 
reduction in combustor-inlet oxygen concentration  resulting from the 
use of supply a i r  heated  by  the  addition of exhaust  gases may resu l t  in 
an  appreciable  lowering of combustion efficiency. 

Limitations of Correlation  Parameters 

The relat ive  effects  of inlet  pressure and velocity on cotribustion 
efficiency  predicted by the flame  speed  parameter differ appreciably from 

present  investigation, conducted a t  constant weight flow ra t e  of the 
oxygen-nitrogen  mixture, it was not possible t o  determine relat ive  effects  
of inlet   pressure and velocity on combustion efficiency and,  hence, t o  dis- 
tinguish between parameters.  Determination of the   ab i l i ty  of e i ther  
parameter t o  correlate combustion efficiency at conditions other than 
those investigated will require  additional tests involving  independent  var- 
ia t ion  of conibustor-inlet  pressure,  temperature,  velocity, and fuel flow. 

L those predicted  by  the  second-order  reaction  equation  parameter. In the 

. 

SUMMARY OF RESULTS 

The following  results were obtained from an investigation of the 
effect  of inlet oxygen concentration on the  combustion efficiency of a 533 
conibustor operating w i t h  gaseous  propane fue l  and from comparison with 
data from a previous s i m i l a r  investigation conducted with liquid  isooctane 
fue l  : 

1. A t  a given  fuel flow rate ,  combustion efficiency  increased w i t h  
oxygen concentration;  the rate of increase was appreciably  greater a t   t he  
lower oxygen concentrations and combus t ion  efficiencies . Variations in 
fue l  flow ra t e  had a small effect  on combustion e f f ic iency   a t  most con- 
d i t  ions  investigated . 

5 2 .  A t  a  given fue l  flow rate,   satisfactory  correlations between com- 
bustion  efficiency and minimum spark-ignition  energy,  laminar  flame  speed, 
or a simplified reaction  kinetics  equation were obtained in a previom 

pane fue l  a satisfactory  correlation w a s  obtained only with the simplified 
reaction  kinetics  equation and flame-speed  parameter. 

. investigation  conducted w i t h  liquid  isooctane; however, with  gaseous  pro- 

I 
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3. For the  s&"-inlet  conditions, conibustion efficiencies  obtained 
with  propane were appreciably  higher  than  those  obtained  with  isooctane; 
the  relative  effects of pressure and oxygen concentration on combustion 
efficiency were approximately  the same for  both fuels. 

4. The  reducedoxygen  concentration of combustion-inlet a i r  resu l t -  
ing from the  use of supply air heated  by  the  addition of exhaust  gases 
may result i n  appreciable  lowering in combustion efficiency  obtained 
with  gaseous  propane or liquid  isooctane  fuel. 

L e w i s  Flight  Propulsion  Laboratory 
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52 
39 

64 
3 

166 
46 

1 6 1  
1 4 1  
155 

40 
34 
37 

142 
31 
28 
22 

117 
131 

126 
119 

114 

121 
105 

147 
13 2 
167 
160 
13  8 
154 
112 
109 
106 
104 
103 

76 

86 
75 

98 

90 
6 1  

53 
49 
65 
78 
87 

113 
43 
73 

84 
7 1  

93 
96 

59 
58 
13 
70 - 

TABLE I. - PERPORMANCE DATA FOR 533 SINQLJI COXBUSTOR OPERATING W I T H  PROPANE 

T 

10 .o 
10.0 
10.0 
10 .o 
10.0 
10.0 
10.0 
10.0 
10.0 

10.0 
10.0 

10.0 
10 .o 
10.0 

14.4 
10.0 

14.3 
14.3 

14.3 
14.3 

14.3 
14.2 

14.3 
14,3 
14.3 
14.3 
14.3 
14.3 
14.3 
14.3 
14.3 
21.5 
21.5 
21.5 
21.4 
21.5 
91.4 
21.4 
21.3 
21.4 
21.4 
21.4 
21.5 
21.4 
21.4 
21.5 
30.0 
30.1 
30.0 
30.0 
30.1 
50.2 
30.1 
30.1 
30.0 

10.0. 

:ombus 
;or 
.nlet  
;emper 
rture , 

TLI 
% 

502 

49 8 
495 

50  2 
499 

500 
499 
500 
500 
500 
504 

502 
502 

503 
503 
503 
500 
so 2 
500 

499 
502 

502 
499 
49 8 

500 
5 0 1  

500 
502 
500 
500 
506 
504 
504 
504 
497 
500 
501 

504 
502 

505 
502 
502 
498 
502 

496 
503 

500 
49 8 
500 
501 
503 

505 
500 

50 2 
503 

49 7 

(a) Fuel flow r a t e ,  0.008 pound per second 

:OmbW- 
;or 
a l e  t 
xygen- 
d t roger  
lixture 
now, 
lb/aec 

1.01 
1.00 
1 .oo 
1 .oo 
1.00 
1.00 

1.00 
1.00 

1.00 
1.00 

1.00 
1.01 

1.01 
1.00 

1.00 
1.01 

1.00 
1 .oo 

1 .oo 
1.00 

1.00 
1.01 
1.00 
1.00 

1.00 
1.00 

1.01. 
1.00 
1.00 
1.00 

1 .oo 
1.00 

.99 
1.00 
1.00 

1.00 
* 99 

1.00 
1.01 
1 .oo 
1.02 
1.00 

1 .oo 
1.00 

1 .oo 
1.00 
1.01 
1.00 

1 .oo 
1.00 

1.00 
1 .oo 
1.00 
1.02 

.99 
1.00 

i. 

ZOmbUe- 
t o r  . 

Lnlet 
oxygen 
zoncen- 
t ra t ion,  

a 

?ercent 
vol . 

20.1 
20.9 
20.9 
20.9 
24.2 
24.2 
25.1 
26.0 
26 .O 
26.2 
28.4 
28.4 

30.4 
30.0 

32.5 
46 -3 
18.2 
18.6 
19.2 
20.1 
20.9 
20.9 
20.9 
20.9 
24.2 
24.2 
25.0 
26 .O 
26.0 
28.0 

32.2 
30.2 

14.2 
14.4 
15.1 
15.2 
16.2 
17.3 
18.2 
18.2 
20.1 
20.9 
20.9 
20.9 
20.9 
20.9 
26.3 
14.3 
15.3 
16.2 
17.2 
18.2 
19.2 
20.1 
20.9 
20.9 

2 ambus - 
tor 
?ere??- 
snce 
reloc- 
L t Y  

V r  
!t/sec 

144 
141 
141 

142 
142 

1 4 1  
14l 
142 
1 4 1  
141 
142 
14.2 
141 
142 
142 
138 

100 
99 

100 
99 

101 
99 

99 
99 
99 

99 
99 

99 
98 

99 
98 

98 
67 
67 
66 
66 
67 
67 
67 
68 
68 
67 
66 

67 
66 

66 
66 
48 
47 
48 
48 
47 
48  

47 
48 

47 

m 
Fuel 

.b/aec 
flar,  

- 
,.c1083 
.008( . OO8C 
.0081 

.008C 

. oom 

.008C . QOBC 
-0081 
.008C 
.0081 
.008C 

.0081 . 0081 

.OO8l . OD81 

.008C 

.0081 

.008C 

.0081 

.008C 

.008C 

.008C 

.008O 

..008C . 0080 

.0081 

. O 0 8 l  

.0081 

. om0 

. Oom 

.OO8E 

.0081 

.0081 

.0081 

.0081 

.0082 

-0082 
. W 8 1  

.0081 

.O81 

.0082 

-0081 
.0080 

.0081 

-0081 
.0080 

.0081 

.0081 

-0081 
.OO81 
.0081 
.0081 

. a08c 

.0a8c 

.008a 

13.2 

12.8 
12.8 

13.3 
13.5 

12.9 
12.9 

12.9 
13.2 
12.8 
13.1 
13.3 

13.3 
13.3 
13.3 
11.1 

11.3 
11.1 

10.8 
11.0 ll. 2 
11.1 
11.1 
11.1 
10.8 
10.8 

11.1 
11.1 

10.8 
10.8 
11.3 

8.3 
8.2 
8.3 

8.2 
8.1 

8.3 
8.0 

8.0 
8.3 

8.3 

8.0 
7.9 

8.1 

8.1 
7.8 

6.4 
6.0 
6.2 
5.5 

6.2 
6.0 

5.9 
8.3 

7.0 

w . 2  

" -.- 

lean 

)UE tor  
mt l e t  
;em- 
>era- 
;ure, 

OR 

:am- 

- 
790 
73 2 

800 
795 
960 
945 

995 

1002 
1005 

1050 
1047 
1070 

1075 
1065 

1140 
935 
962 

1010 
985 

1018 
10x5 
1018 
1020 
1075 
1070 
1075 

1100 
1110 

1130 
1117 

1130 
840 
855 
917 
908 

1045 
982 

1072 
1075 
1077 

1098 
1095 

1102 
1105 
1095 
1125 
9 25 

1027 
1058 
1095 
1110 
1130 
1125 
1135 
1135 

970 , 

230 

302 
295 

296 

445 
458 

471 
495 
505 
502 
546 
545 
568 
562 

637 
572 

460 
435 

485 

* 519 
508 

511 
519 
522 
574 
5 70 
575 
608 
600 
617 
6 24 
626 
336 
351 
420 

481 
408 

543 
568 
5 70 
575 
593 

6 00 
600 

602 

625 
599 

4 27 
527 
557 
59 2 
610 
625 

633 
6 22 

638 

:mbUB- 
;ion 
!ffl - 
:lency, 
)ercent 

35.5 

46.2 
45.6 

45.5 
70.7 
69.4 
73.5 
77.0 
78.4 

84.7 
78.0 

88.5 
85.0 

87.3 
88.9 
97.7 
67.3 
72.1 

79.9 
81.0 

81.0 
80.1 

81.6 
90.1 
89.5 
90.8 
95.7 
93.8 
95.9 
96.7 
97.2 
51.8 
54.6 
64.6 
62.7 

84.5 
74.7 

89.0 

9 1  .o 
88.5 

91.7 
93.7 
93.4 
92.9 
93.8 
97.6 
66.3 
83.3 
87.3 
91.7 
95.0 
98.3 
39.1 
38.1 
99.9 

74. a 
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TABLE I. - PESORM4NCE DATA  FOR J33 SINGLE  COMBUSTOR  OPERATING WITH PROPANE - Continued !x 
a3 

0 
0 

. 

:ombus- 
tor 
Lnlet 
total 
>res- 
3ure, 

P i ,  
Ln. Hg 

abs 

10.0 
10.0 
10.0 
10.1 
10.1 

10.0 
10.0 

10.0 
10.0 
10.0 
10.1 
10 .o 
14.3 
14.3 
14.3 
14.3 
14.3 
14.4 

14.3 
14.3 

14.3 
14.3 
14.4 
14.4 
14.3 
14.4 
14.3 
14.3 
21.4 
21.5 
21.4 
21.5 
21.4 
21.4 
21.5 
21.4 
21.4 
21.4 

30.1 
29 -9 

30.0 
30.1 
30.1 
30.1 
30.1 
30.0 

combus- 
tor 
Met 
temper- 
ature, 
TI9 
OR 

502 
501 
502 
500 
500 
503 
503 
50 2 
502 
501 
502 
500 
500 
502 
500 
500 
49 8 
500 
502 
501 
501 
502 
500 
502 
500 
503 
500 
504 
49 5 
502 
506 
503 
503 
502 
so2 
49 8 
502 
501 
500 
502 
50 2 
501 
505 
504 
503 
49 8 

(b)  Fuel flow rate, 0.012 pound per  second 

:ombus- 
:ar 
Lnlet 
nygen- 
rLtrogen 
nixture 
elm, 
lb/sec 

1.00 
1.01 
1 .oo 
1.00 
1.01 
1.00 
1.01 
1.00 

1.01 
1.01 

1.01 
1.01 
1.00 
1-00 
1.01 
1.00 
1.00 
1.00 
1.00 
1-00 
1.00 
1.00 
1.00 
1.00 

1.01 
.99 

1.00 
1 .oo 
1.00 
1 .Oo 
1.01 
1.01 
1.01 
1.02 
1.01 
1.01 
1-00 
1.01 
1.00 
1.00 
1.00 
1.00 
1 .oo 
1.02 
1 .oo 
1.00 

:ombus- 
to r  
Wet 
=men 
:omen- 
tration 

Pol. 
?ercent 

U 

24.3 
25.1 
26.0 
26.0 
26.4 
28.4 

30 .O 
28.7 

30.7 
32.8 
35.9 
46.2 
18.1 
18.7 
19.2 
20.1 
20.9 

24.2 
20.9 

24.2 
24.2 
24.3 
25.1 
26.1 
26.1 
28.1 
30.2 
32.3 
15.1 
16.3 
17.2 
18.1 
18.2 
20.0 
20.9 
20.9 
20.9 
26.3 
15.2 
16.2 
17.2 
18.1 
19.1 
20.1 
20.9 
20.9 

combus - 
refer- 
tor 

ence 
veloc- 
i t y  

f t/s ec 
vT J 

142 
142 
142 

141 
140 

142 
142 
141 
143 
142 
139 
139 
100 
100 
100 
99 
99 
99 
100 

99 
99 

99 
98 

98 
98 

99 
98 
99 
66 
66 
68 
67 
67 
68 
67 
66 
67 
67 
48 
48 
48 
48 
48 
48 
47 
47 

Fuel 
flow, 

lb/s ec 

Fuel- 
nozzle 
pres- 
sure 
dWP, 

Ib rn 

22.1 
21.9 
21.9 
21.7 
22.0 
22.3 
22.1 
21.8 
22.1 
22.3 
22.1 

19.8 
22.1 

19.8 
20.1 

19.8 
19.8 
19.6 
19.8 
19 .a 
19.8 
19.8 
19.8 
19.8 
19.6 
19.8 
19.8 

16.6 
19.8 

16.7 
16.6 
16.2 
16.8 
16.6 
16.7 
16.5 
17.0 
16.7 
12.9 
12.5 
13 -0 
13.0 
11.5 
13.5 
12.9 
13.5 

fean 

)us t 01 
xltlef 
;em- 
>era- 
x r e ,  

:om- 

OR 

1137 
1183 
1242 
1235 
1243 
1295 
1293 
1325 
1305 
133 7 
1367 
1385 
1120 
1162 
1195 
1247 
1268 
1272 
1340 
1345 
1352 
1350 
1355 
1385 
13 73 
1393 
1400 
1405 
1103 
1265 
1310 
13  50 
1345 
1360 
1390 
1385 
1395 
1412 
1275 
1345 
1400 
1407 
1427 
1420 
1430 
1427 

“2 
[em 
;emper- 
rture 
?ise 
;hralgh 
: ombus - 
;or, 

9? 

63 5 
682 
740 
73 5 
743 
79 2 

823 
790 

803 
836 
865 
885 
620 

69 5 
660 

747 
770 

838 
772 

851 
844 

855 
848 

883 
8 73 

900 
890 

608 
901 

763 
804 
847 
842 
858 
888 
887 
893 
911 
775 
843 
898 
906 
9 22 
916 
9 27 
929 

57 
:Ombus- 
tion 
.ffi- 
ziency, 
>ercent 

66.8 
73 .O 
79.7 
78.7 
79.4 
84.1 
84.5 
88.4 
86.4 
89.3 
91.8 
94.8 
65.9 
70.6 
74.2 
80 -3 
83 .O 
83.2 
91 .o 
91.2 
91.9 
91.9 
92.5 
95.1 
93  .8 
96.6 
96.6 
96.7 
64.0 
81.6 
86.4 
91.8 
90.3 

95.3 
94.0 

95.9 
95.6 
98.2 

90.7 
83.6 

96.7 
97.5 

LOO .3 
99.1 

L o o .  2 
99.1 
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0 
0 
a) cu 

TABLE I. - PERFORMANCE DATA FOR 533 SINGLE COMBUSTOR OPERATING WITH PROPANE- Concluded 

( c )  Fuel flow rate, 0.016 pound per  second “7 
~ Combus- Combus- Combus- 
, t o r  t o r  
l i n l e t  I n l e t  refer- 

tar 

oxygen- oxygen ence 
nitrogen concen- veloc- 
mixture t ra t lon ,  Its ” canbus- 

940 
65.2 

In .  Hg 
abs 

I 
I I I 

501 
501 
500 
500 
500 

142 
143 
140 
141 
143 
13 9 
138 
138 
13 7 

0.0161 
.0158 
,0159 :. 0159 
.m1 

502 
502 
501 
500 
503 
499 
503 
502 
502 
500 
499 
500 
500 

501 
500 

501 
500 
502 
500 

.0160 

.m59 

.0160 

.0160 

.0161 

.0161 
13 6 
134 
102 
99 
100 
99 
99 
99 
99 
99 
99 

98 
38 

97 
99 

I 24 I 10.3 - 1.01 I 46.4 
124 
129 
125 
128 
123 
116 
.135 
170 
165 
140 
158 
13 7 
111 
108 
80 
82 
63 
92 
55 
51 
67 

45 
89 

1 14.3 
14.4 
14.3 
14.3 
14.3 

, 14.4 
~ 14.3 
~ 14.3 
14.3 
14.4 
14.3 
14.4 

1.02 
1.00 
1.00 
.99 

1.00 

1.00 
1.00 

1.00 
1.01 

1.00 
1.00 
1.01 
1.00 
1 .oo 
1.00 
1 .oo 
1.00 
1.01 
1.02 
1.00 
1.00 

, 18.7 
18.7 
19.2 
20.1 
20.9 
23.9 
24.3 

25.1 
24.3 

26.1 
26.1 
28.2 
30.2 
32.2 
16.2 
17.2 
18.2 
18.2 
20.1 
20.9 
20.9 
20.9 
26.4 

15.9 
15.8 

16.2 
17.2 
18.1 
20.0 
20.9 
20.9 

1193 

1313 
1240 

1498 
1435 

1513 
1612 
1595 
1600 
1643 
1623 
1642 
1645 
1643 
1328 

1615 
1528 

16 25 
1605 

1635 
1650 

690 
738 
-811 
935 

1013 
999 

1112 
1095 
1099 
1142 
13-23 
1140 
1145 
1138 

1023 
823 

1112 
1105 
1122 
1148 
1138 

57.3 

66.2 
76.9 
82.7 
83.7 

91.8 
92.7 

95.1 
92.0 

93 .o 
95.6 

i 60.1 
.a59 

28.3 .0158 
28.8  .0159 

28.6 .0150 
28.8 .0159 

28.8  .0159 

28.6 .0159 
28.6  .0159 

28.6 

-.0159 28.8 
.0159  28.8 
.0160  28.8 
.OXO 29.1 
.0161 25.4 

.0160 25.8 

.Q161  25.3 

,0161 25.8 
.0161  25.6 
.0161 25.8 
.Q160  25.2 

. o m  
28.6  .0160 

28.6 

14.3 
14.4 

21.5 
21.3 

94.5 
94.0 
66.7 
84.5 1 92.2 

505 
505 
505 
503 
500 

_ ~ _  
99 
68 

67 
61 

” 

21.4 
21.3 
21.4 
21.4 
21.5 

67 

67 
68 

66 
67 
67 
47 
48 
48 
48 
48 
49 
47 
48 

91.6 
94.5 
94.5 
94.4 
94.2 
95.3 
88.3 
88.5 
87.1 
94.3 
95.8 

97.8 
98.4 

97.8 

503 
502 
49 7 

21.4 

30.1 
21.4 

30.0 
30 .O 

30.0 
30.0 

30.1 
30.1 

29.9 

502 
502 1 .oo 

1.Q1 
504 
504 

.99 

505 
1.00 
1.00 

505 1.00 
502 1.01 
504 
497 

1.02 
1 .oo 

502 1.00 

102 
101 
79 

- _  

81 
95 
56 
68 
17 

L 
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Pigure 1. - Sohemtic sbtch uf‘ J33-oarbustor erperimental spgaratas. 



. . . . .  
. . . . . . . . .  . .  . . . . . . . . . . . .  

2. - 

Ccmbwbor- 
8tatlon 1 

inlet 
therrmooorrplee 

Statim 2 1 
combuetor- Station 3 

preeem l a b e  
inlet total- Caobuetor- 

themmuplea  
exhaust 

ombuktor and 5netrumerrtatiOn. m-2671s 

I b 
i ;2800 

. . .  

. . .  ........ 

G 

I 
9 c 
i? 
M 
N 
4 



NACA RM E53A27 

B (a) Fuel  flow r&te, 0.00s pcuncl per eecand. 

17 

(b) Fuel flow rate, 0.012 pa1a8 per aeooad. 

(C) Fuel flow rate, 0.016 pound per aeconcl. 

Figure 3. - Effect of oxygen concentratlon of I Q t  wgen-nl t rogen mixture 011 combuation 

Fuel, propane; combustor-inlet temperature, 40' F; welght flow rate of inlet oxygen- 
effhiency af s a l e  533 oanbustor over a range of inlet  presaures and fuel flow rates. 

nitrogen mixture, 1.0 pound per second. 
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Combustor-inlet pressure, - Pi' Fn. Hg aba 
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3i 
m e n  in wen-nitrogen mixture, a, percent by volume 

Figure 4 .  - E f f e c t  of fuel flow rate on combustion  efficiency o f  533 combustor over a rauge of i n l e t  pressures 
and oxygen corneutrat ione.  h l ,  propane;  ccnnbustor-inlet  temperature, 40' F; weight flow rate of i n l e t  
oxygen-nitrogen mixture, 1.0 pound per second- 
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c 

. 

& 

. 
P (a)  Fuel  f low rate, 0.008 paund per  second. 

0 (b )  Fuel flow rate, 0.012 pound per  second. 

Figure 5 .  - Corre la t ion  of combust ion  eff ic iency  of   s ingle  J33 
combustor with flame  speed  parameter. Fuel, propane; 
combustor-Inlet   temperature,  40° F; weight flow rate of 
In le t   owgen-ni t rogen   mix ture ,  1.0 pound per  second. 
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16 20 24 29 32 36 40 44 48 
Oxygen i n  axggen-nitrogen  mixture, a, percent by volume 

(b) Combustor-lnlet  pressure, 14.3 inches of mercury absolutej  fuel flow rate, 
0.016 paand per second. 

Figure 7 .  - Comparison of oombustion ef f ic iency  of mingle 333 combustor operating 
with propane and isooctane fuels. Combustor-inlet  temperature, 40° FJ weight 
flow rate of i n l e t  oxygen-nitrogen mixture, 1.0 pound per  aecond. 

. 
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l2 16 20 24 28 32 36 40 44 48 
Oxygen In oxygen-nitrogen  mixture, a, percent  by  volume 

(a) Combustor-Inlet  pressure, 21.4 inches of mercury  absolute3 fuel flow  rate, 0.016 puund 
per seconci. 

Figure I .  - Conoluded. C o m p a r i e o n  of oombustlon  effioiency of alngle J33 C~n1bU6tOr operat- 

rate of Inlet  oxygen-nitrogen mixture, 1.0 pound per second. 
lng w i t h  propane and Isooctane fuels.  Combustor-Inlet  temperature, COO F; weight flow 

. ._ ." 

" 

.. 




